Summary: The postnatal development of the corticotectal projection was investigated by injecting the axon tracer DiI into the visual cortex of mouse pups. It was found that DiI-labeled axons arrive at the ipsilateral superior colliculus and enter the optic nerve layer of this structure on postnatal days 3 and 4 (P3-P4). These corticotectal axons extend into the caudal end of the superior colliculus on P4 and give off small collateral branches that ascend vertically to the superficial gray layer. During the first two postnatal weeks, the collateral branches do not form a demarcated terminal zone, but rather diffusely spread within the superficial gray layer of the superior colliculus. These collateral branches continue to dichotomize and form a bright terminal zone within the superficial gray layer on P11. The terminal zone decreases in size during the second and third postnatal weeks, and appears to be of the same size when compared with the adult counterpart by P19. The terminal zone of the corticotectal axons from the visual cortex is established by P19. In parallel with the maturation of the terminal zone of the corticotectal projection, the distal segment of the corticotectal axons is lost during the second postnatal week. We conclude that the growing tips of the corticotectal axons do not strictly project to their future terminal zone within the superior colliculus, and 'misdirected' axons are eliminated during the early postnatal period.
It has recently been shown that the subcortical projections of the cerebral neocortex of newborn animals are more excessively distributed than those of the adult animals, and these exuberant projections disappear during the early postnatal weeks. For example, the corticopontine axons arising from the visual cortex of rodents project not only to the basilar pontine gray, but also to the spinal cord during the early postnatal days, and spinal segments are eliminated at later stages (O'Leary and Terashima, 1988; Inoue et al. , 1991) . This process, which is termed 'collateral elimination' , has also been demonstrated in the development of the corticotectal projection arising from the visual cortex of the rat (Thong and Dreher, 1986 ) and the hamster (So and Jen, 1982) based on the axonal transport of HRP. However, no direct data concerning the morphology of the growing tip of the corticotectal axons and the timecourse of development of the collateral budding are yet available.
In the present study, we investigated the development of the corticotectal projection by injecting of the carbocyanine dye Dil into the visual cortex of mouse pups. This dye has a considerable advantage over the usual markers such as HRP, because application of this dye enables us to label small numbers of axons at high resolution (O'Leary and Terashima, 1988; Inoue et al. , 1991).
Materials and Methods
We used adult mice and pups of the C57BL/6J strain obtained from our breeding colony. Table 1 shows the numbers and ages of the animals employed in the present experiments. The first 24 hours after birth was designated as postnatal day (P) 0. The fluorescent dye Dii (1,1'-dioctadecy1-3,3,3',3'-tetramethyl indocarbocyanine perchlorate) was injected into young mice at ages from PO to P30. Since DiI is not suitable for labeling the mature axon, we used horseradish peroxidase (HRP) in adult mice.
(1) DiI method Pups at P1 -P7 were anesthetized by hypothermia in crushed ice, and chloral hydrate was given to older pups (3.5 mg/10 g body weight, intraperitoneal injection). After the scalp had been retracted, a small burr hole was made directly over the primary visual cortex under visual guidance using the map of Caviness (1975) . A 20% solution of the fluorescent dye, Dii (Molecular Probes, Eugene, OR, USA) in N,N'-dimethylformamide (Sigma, St. Louis, MO, USA) was injected into the bilateral primary visual cortex via a microliter syringe (Hamilton) under an operating microscope. After 8-72 hours, the animals were perfused transcardially with a solution of 4% paraformaldehyde in phosphate buffer (pH 7.4). Immediately after the perfusion, the brains were removed and placed in the same solution for 24 hours. The brains were sectioned sagittally at a thickness of 50-100iim or sectioned horizontally at a thickness of 200 fim with a microslicer (Dosaka E. M, Kyoto, Japan). Sections were collected in phosphate buffer and photographed under a fluorescent microscope equipped with an RITC filter. Sections including the injection site were counterstained with toluidine blue to confirm the location of the injection site.
(2) HRP method First, 0.01-0.04 ILLI of a 30% aqueous solution of HRP was injected in the primary visual cortex of adult mice at 2-3 months old in essentially the same manner as described for the Di! method. After 48 hours, the animals were perfused transcardially with a solution of 0.5% paraformaldehyde and 1.25% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). Immediately after the perfusion, the brains were placed in the same fixative containing 10% sucrose for 12 hours, and then in a solution of phosphate buffered 30% sucrose (pH 7.4) for 36-48 hours. The brains were sectioned sagittally at a thickness of 50 vtm with a freezing microtome. All sections were alternately reacted with tetramethyl benzidine (TMB) according to the method of Mesulam (1978) and diaminobenzidine (DAB) according to the method of LaVail et al. (1973) . All sections were mounted on gelatin-coated slides for microscopy. Sections which reacted with DAB were counterstained with 0.05% toluidine blue to confirm the location of the HRP injection site.
Results
Injection sites of Dii or HRP determined from adjoining Nissl sections were located exclusively in the primary visual cortex, as illustrated in Figure 1A and B. After the injection of Dii or HRP, labeled corticotectal axons and their terminals in the superior colliculus were seen only ipsilaterally. The development of the corticotectal projection could be divided into three stages, viz., the elongation stage, the stage of collateral formation, and the elimination stage, as described below.
(1) Elongation stage DiI-labeled axons arising from the visual cortex were not present within the superior colliculus before P2. Dil-labeled growth cones began to enter the optic nerve layer from the rostral margin of the superior colliculus on P3-P4 and reached the caudal margin of this structure at the end of P4 (Fig. 2D ).
(2) Stage of collateral formation Small collateral branches budded out from the corticotectal axons on P4 and ascended to the superficial gray layer (Fig. 2B) . Collateral branches were widely scattered in the superficial gray layer on P7, but no terminal zone of corticotectal axons in this layer was evident (Fig. 3A) . A bright terminal zone was subsequently observed in the superficial gray layer on P11 (Fig. 3B ). This terminal zone was more restricted in size on P15 (Fig. 1C) . On P19, the size of the terminal zone appeared to be similar to that of the adult counterpart (Fig. 3D) , suggesting that the terminal zone had matured by P19, at least morphologically.
(3) Elimination stage
As described above, collateral branches separated from their parent corticotectal axons in the optic nerve layer and ascended vertically to the superficial gray layer. The collateral branch and parent corticotectal axon thus exhibited a T-form shape (Fig.  4A) . Some distal segments of the parent corticotectal axons caudal to the branching site decreased in diameter around P15 (white arrowheads in Fig. 4B ) and were completely lost on P19 (white arrow in Fig. 4C) . As a result, the proximal segment of the corticotectal axons and their collateral branches took on an L-form shape. However, it should be noted that some distal segments of the corticotectal axons were not eliminated. The topographical relationships between the corticotectal axons and their terminal zone were more clearly evident in horizontal sections through the superior colliculus. Figure 5 shows that corticotectal axons entered the superior colliculus along its medial side, quickly turned in a lateral direction, and entered the terminal zone.
The main findings obtianed in the present study are summarized in Figure 6 . As can be seen, corticotectal axons originating from the visual cortex enter the supprior colliculus on P3-P4 and reach the caudal end of this structure on P4. Collateral branches then separate from the parent axon and ascend vertically into the superficial gray layer. These collaterals are widely scattered, but gradually become pruned off. The future terminal zone decreases in size with age, and attains its mature size by P19.
Discussion
The growing tips of the mouse corticotectal axons arising from the visual cortex reach the superior colliculus by P3-P4. Such a timing of the arrival of mouse corticotectal axons at the superior colliculus agrees approximately with that in the case of the rat (Thong and Dreher, 1986), but is earlier than that in the hamster (Ramirez et al., 1990 ). The reason why first arrival of corticotectal axons at the superior colliculus is delayed in the hamster is that the pups of this species are born at an early developmental stage (So and Jen, 1982) .
Since the retinotectal fibers enter the superior colliculus before the time when the first corticotectal fibers reach this structure, the subcortical projection of the cerebral neocortex develops later than the retinotectal projection which conveys the peripheral visual inputs to the central relay nucleus (Thong and Dreher, 1986; O'Leary, 1990, 1991) . This sequence of formation of the tract, proceeding from the retinotectal to the corticotectal projection, suggests that the central structure develops later than the peripheral one. The present data coincide with the sequence of synaptogenesis of the somatosensory system in rodents, which proceeds from the peripheral structure towards the central one (Row, 1982) . These findings indicate that the peripheral sensory inputs may stimulate the development of the peripheral sensory tract earlier than central ones, so resulting in a sequence of tract formation from peripheral towards central.
The present results confirm that the time-course of the development of the corticotectal projection can be divided into three different stages, viz., the elongation stage, the stage of collateral for Illation, and the elimination stage. Such a time-course was originally described for the development of the visual corticopontine tract in the rat (O'Leary and Terashima, 1988) and the mouse (Inoue et al. , 1991) . During the elongation stage, no signs of axonal specialization were observed along the side trunk of the main axon characterized by a growth cone. The present data showing that collaterals of the corticotectal axons emerge along established axon trunks, not by bifurcation of the growth cone, are in agreement with the development of the corticopontine projection (O'Leary and Terashima, 1988) and retinotectal projection (Bhide and Frost, 1991) . Corticotectal axons do not enter the superior colliculus until P2. Corticotectal axons enter the superior colliculus on P3-P4, and reach the caudal end of the superior colliculus on P4, giving off small collateral branches. These collateral branches are scattered widely in the superficial gray layer of the superior colliculus on P7. The terminal zone gradually decreases in size after P13, and matures on P19.
